Background: Whiteflies (Bemisia tabaci) are phloem sap-sucking pests that because of their broad host range and ability to transmit viruses damage crop plants worldwide. B. tabaci are now known to be a complex of cryptic species that differ from each other in many characteristics such as mode of interaction with viruses, invasiveness, and resistance to insecticides. Asia II 1 is an indigenous species found on the Indian sub-continent and south-east Asia while the species named as Middle East Asia Minor 1 (MEAM1), likely originated from the Middle-East and has spread worldwide in recent decades. The purpose of this study is to find genomic differences between these two species. Results: Sequencing of the nuclear genome of Asia II 1 with Illumina HiSeq and MiSeq generated 198.90 million reads that covers 88% of the reference genome. The sequence comparison with MEAM1 identified 2,327,972 SNPs and 202, 479 INDELs. In Total, 1294 genes were detected with high impact variants. The functional analysis revealed that some of the genes are involved in virus transmission including 4 genes in Tomato yellow leaf curl virus (TYLCV) transmission, 96 in Tomato crinivirus (ToCV) transmission, and 14 genes in insecticide resistance. Conclusions: These genetic differences between Asia II 1 and MEAM1 may underlie the major biological differences between the two species such as virus transmission, insecticide resistance, and range of host plants. The present study provides new genomic data and information resources for Asia II 1 that will not only contribute to the species delimitation of whitefly, but also help in conceiving future research studies to develop more targeted management strategies against whitefly.
Introduction
Bemisia tabaci (Hemiptera: Aleyrodidae), commonly known as 'whiteflies' are phloem sap sucking pests some of which have become a major constraint to important food, fiber and ornamental crops worldwide. The whiteflies can infest as many as 1000 plant species [1] and they damage host plants by infestation, but more importantly by transmitting plant viruses. These whiteflies can potentially vector over 300 plant viruses, mostly viruses in the genus Begomovirus [2] . Major crops affected by B. tabaci-transmitted viruses on a global scale include cotton, cassava, tomato, sweet potato, cucurbits and other crop plant species.
Whiteflies (B. tabaci) are now known to be as a cryptic species complex, based on recent molecular phylogenetic analyses and evidence of reproductive incompatibility [3, 4] . These putative whitefly species differ in many biological aspects such as host range [1] , resistance to insecticides [5, 6] , specificity and capacity of virus transmission [7, 8] and composition of harbored symbionts [9] . Although the use of ≥3.5% mtCOI divergence as the criterion for species delimitation has been occasionally shown to be inadequate [10] , it has been widely used to differentiate species. Based on sequence divergence of mtCOI (≥ 3.5% divergence), B. tabaci has been deduced to include more than 39 cryptic species that are morphologically indistinguishable but genetically distinct [11] [12] [13] .
The long-term association between begomoviruses and whitefly has brought some co-evolved adaptations [14] that allow them to live in equilibrium. Begomoviruses are single-stranded (ss) DNA viruses that are transmitted mostly in a persistent circulative manner. Once ingested through the stylet, these plant viruses move across the mid gut membrane and then via hemolymph translocate to salivary glands and from there these are egested while feeding [15] . In circulation of viruses, mid gut and salivary glands are the main barriers to overcome [16, 17] . Some mid gut proteins and proteins produced by endosymbionts in hemolymph are associated with circulation of viruses in whitefly. These interacting proteins are the main points which lead to the differentiation of cryptic species on the basis of specificity and capacity of virus transmission. The heat shock protein HSP70 is co-localized with Tomato yellow leaf curl virus (TYLCV) coat protein within midgut epithelial cells and inhibits virus transmission [18] . Knottin-1 restricts the virus (TYLCV) amount in whitefly and thus shields the whitefly against its deleterious effects [19] . While cyclophilin B enhances the translocation of virus from mid gut to hemolymph [20] . Another protein peptidoglycan recognition protein (BtPRPG) is involved in whitefly immunity and has a potential binding site for TYLCV. Its co-localization with TYLCV is also reported within the midgut [21] . Endosymbionts which have been living in whitefly for millions of years [22] are also involved in virus transmission. Different cryptic species harbor different endosymbionts. Endosymbionts reside in bacteriocytes and some of them (e.g. Hamiltonella) produce GroEL homologue in the hemolymph which helps in virus circulation in whitefly.
Middle East-Asia Minor 1 (MEAM1, formerly known as "biotype B") and Mediterranean (MED, formerly "Q biotype") are globally important cryptic species of whitefly [23, 24] because of their invasiveness and broad host range. The two species originated in the Middle East regions, but are now reported from many regions of the world, and its presence has also been well reported in the southern Sindh region of Pakistan [25, 26] . Asia 1 and Asia II 1 are two species of whitefly indigenous to Pakistan, with Asia II 1 being the most prevalent whitefly in the central region of the country [26] . The different species of whitefly recorded from Pakistan have been shown to differ in many aspects including virus transmission, insecticide resistance, and host range. For example, MEAM1 is more efficient than Asia II 1 in transmitting Tomato yellow leaf curl virus (TYLCV) [27] . In a study in Vietnam where Asia II 1 is indigenous, Asia II 1 is reported to be more efficient in transmitting Tomato leaf curl Hainan virus (ToLCHnV) than that of TYLCV, while MEAM1 is more efficient in transmitting TYLCV than ToLCHnV [28] . Asia II 1 has been reported to be the most abundant species of whitefly in areas of high incidence of cotton leaf curl disease (CLCuD) in Pakistan and the western region of India. Two recent studies in China [17, 29] directly compared the transmission efficiency of begomoviruses by MEAM1, Asia II 1 and two more species, and showed that among these species Asia II 1 is the most efficient in transmitting both Cotton leaf curl Multan virus (CLCuMuV) and Tobacco curly shoot virus (TbCSV). Apart from differences in transmission efficiency of viruses, these species of whiteflies also differ in insecticide resistance [30] and host plant preference [31] . However, the physiological and molecular mechanisms underlying the differences between species of whitefly are yet poorly known.
Over the past several years, next generation sequencing (NGS) technology has emerged as an innovative approach to high-throughput sequencing [32] , and the rapid development of this modern technology provides us an unprecedented opportunity to understand and explore numerous genetic findings, which can help to improve our research on the physiology and molecular biology of the whiteflies. These results can also provide new knowledge and concepts for the development of novel strategies and technology to manage whitefly pests and the viral disease agents they vector. In this study, our aim is to unravel some genetic information from Asia II 1 and MEAM1, the two major whitefly pests in Pakistan. First, with access to the data of MEAM1 [4] , we performed high throughput sequencing of Asia II 1 and aligned with that of MEAM1, to identify major genomic differences between the two species. We detected some high impact variants in genes (which were previously reported as differentially expressed genes) that have been predicted to be associated with virus transmission and insecticide resistance.
Results

Mapping summary of nuclear genome
Genome sequencing of Asia II 1 with Illumina HiSeq and MiSeq generated a total of 31.15 Gb of data comprising 198.90 million reads with read size 100 and 300 bp (the summary of raw data generated from each of seven libraries is given in Additional file 1). Approximately 91% of the reads passed the quality control criteria and 82 to 86% of these reads were mapped correctly to the reference genome. The available sequence from the reference genome is 615 Mb [4] of the assessed total genome size of~680-690 Mb as estimated in a previous study [33] using both flow cytometry and Kmer analysis. These reads covered 88% of the reference genome. The mean read length was 159 bp. The summary of the sequencing and mapping is shown in Table 1 . The average depth of coverage of genome after filtration was 34X. Total length of the coding region of the reference genome is 44.43 Mb, 51% of which was covered with more than 5X depth of coverage, and 53% of the number of coding regions with 100% of length have at least 5X depth of coverage. The mean coverage of the coding region is 32X. Figure 1 displays the different number of coding regions with different lengths having at least 5X depth of coverage. Approximately 8366 coding regions have at least 5X coverage with full length genes.
Variant statistics
After variant calling and two times filtration with Genome Analysis Tool Kit (GATK), total number of 2,530, 451 high quality variants were discovered. Variant annotations and effect prediction through SnpEff resulted in 3,504,011 effects. Effects are greater in number than number of variants as one variant could have more than one effect. For example, one variant could be nonsynonymous for one gene while being downstream to another. A variant statistics summary is given in Table 2 (raw variant calling data and the data after each filtration is provided in Additional file 2). Approximately 2,327, 972 SNPs and 202,479 INDELs were detected. In eight amplified regions ranging in size from 500 to 600 bp, there are 96 SNPs which were all validated through Sanger sequencing. The primers pairs list and validated SNPs positions are given in Additional file 4. The initial average variant rate was 1/20 bp, but that was decreased to 1/235 bp after filtration (when depth of read coverage at a variant point was increased to 30X in variant calling criterion). Variant rate also varied in different regions, the maximum variant rate recorded was 1/27 bp and minimum variant rate was 1/32,808 bp. Transition to transversion ratio is 1.71 and heterozygous to homozygous variant ratio is 0.05. In this study, insertions and deletions ranging from 1 to 100 bp were considered as INDELs. The maximum number of INDELs were 1 bp in length while lowest number of INDELs were of 14, 15, 20, 21, 23, 28, 33, 69, 89 or 100 bp in length. The distribution and types of variant effects in the whole genome are given in Table 3 . According to functional effects of variants, these were distributed into three classes; silent (69.94%), missense (29.77%) and nonsense (0.29%).
Among the total estimated genes in whitefly MEAM1 (15, 664) , 1294 genes were found to have high impact variants in this data. These genes were selected for further analysis of ontology. The distribution and number of variants and their effects in different genic regions are given in Fig. 2 . The number of genes in each class of high impact variants are also provided in Table 4 .
Gene ontology
Coding regions that have high impact variants (1294 genes) were selected for gene ontology analysis. The Blast2GO results are shown in Fig. 3 . The functions of these were classified into three groups: biological process (BP), molecular function (MF), and cellular components (CC). The greatest number of genes were associated with the BP category. IDs of genes associated with each sub category of these three functional classes are given in Additional file 3. Additional file 7 shows the associated pathways for the genes (with high impact variants), which were predicted by Blast2GO.
Genes involved in virus transmission and insecticide resistance
Fourteen genes of MEAM1 that were reported for potential involvement in insecticide resistance [4] and 96 genes which were reported to be associated with virus transmission [6] were expected to be high impact variants between Asia II 1 and MEAM1. In the present study, there were 15 high impact variants found in 14 genes which could potentially be involved in insecticide resistance. High impact variants include frame shift, start loss, stop gain, splice acceptor and splice donor. These lead to truncated or modified proteins with partial or complete loss of function. There is also a chance that because of these mutations some of the proteins may gain more efficiency rather than to be dis-functional. These 14 genes belong to 4 gene families: acetylcholinesterase Table 5 and those for virus transmission in Table 6 (TYLCV) and 7 (ToCV). All the genes described in Table 5 are reported for the potential involvement in insecticide resistance by Chen et al., [4] , and those for virus transmission in Table 6 and Table 7 are reported by Hasegawa et al., [34] and Kaur et al., [6] respectively.
Structural variants
Structural variants were predicted through CNVnator in which the method of detection of structural variants is based on assessing the read of depth of the mapping genome. With CNVnator, among all the structural variants (duplications, deletions, insertions, inversions and translocations), some duplications were detected in the present study. Duplications with more than 1.5 cnv value are enlisted in Table 8 with their positions on the scaffolds and included genes in them. Functional annotations of these genes are presented in Additional file 6. Copy number variations were detected by CNVkit, which are described in Additional file 5. The structural variants in this study is not a comprehensive data and it is necessary to mention that reference genome is a draft genome that is about 90% of total estimated genome (~680-690 Mb) and in present study, 88% of this draft genome was covered with mapping reads. When the complete reference genome would be used to detect the structural variants, the results may include some more structural variants.
Discussion
Whitefly divergence into different distinct genotypes initiates the question whether the divergence results in a complex of different biotypes or it is a complex of different species! In order to resolve the divergence of whitefly question, it would be helpful to set criterion for sorting the different biotypes of whitefly and set a limit above which the difference is sufficient to declare new species status. Biological features e.g. virus transmission capacity, gut microbe diversity, host range, capacity to induce physiological changes in host plants, intermating capabilities, and capacity to spread widely have been used to differentiate cryptic species. Some of the genetic groups share common biological characters and some of the characters also show within group variability. Thus, most of the differences are uninformative or unable to resolve the cryptic species of whitefly. Molecular markers (such as AFLP, RAPD, 16S, CAPS, SCAR and mtCOI) have been used to show genetic differences between genotypes. The 3.5% genetic difference in terms of mtCOI sequences, differentiates almost all reproductively isolated groups according to available biological data. But some reports show disagreements with the outcomes using partial sequences of mitogenome. For example, a recent study [35] , using genome wide analysis, suggested that MEAM2 might not be a separate genetic group but fall entirely into the MEAM1 group, whereas previously it was considered as a separate genetic group using mitochondrial genes. A similar phenomenon was observed in a recent study [36] , where a combined analysis of experimental biological data with mitogenome sequences proposed that the African silverleafing (ASL) In this regard, our study provides whole genome nuclear variants data, which will be useful to improve species delimitation of the B. tabaci species complex. It is also necessary to mention that although we detected all these variants between the two species Asia II 1 and MEAM1, but it may also possible that some of the variants may segregate within the same species.
In this study, we have sequenced the genome of the Asia II 1 species of whitefly and have used published transcriptomic data to infer biological differences between Asia II 1 and MEAM1. The sequencing of Asia II 1 not only provided new genomic resources for Asia II 1, but its comparative study with MEAM1 also provided insight into the comprehensive genetic differences between them.
With Blast2GO analysis, high impact variant genes were analyzed to identify the involvement of these genes in molecular pathways. The goal was to find out how genetic variances may alter or affect pathways which may then help in understanding the biological differences between the two species. Signal transduction pathways were considered as one of main points where gene alterations might help the whitefly to deal with any changes in the environment or inside the whitefly cells. Phosphatase and kinases are well-known enzymes in signal transduction pathways [37] as they activate or deactivate the functional proteins by either phosphorylation or dephosphorylation. Kinase and phosphatase functions in antagonistic ways as kinase initiates the phosphorylation and phosphatase removes the phosphate group from its substrate protein. In Additional file 7, it is noticeable that most of the genes are encoding phosphatase and kinase in different pathways e.g. phosphatase in T cell receptor signaling pathways, purine and thymine metabolism, and kinase in drug metabolism (important for pesticide resistance) and phosphatidylinositol signaling pathways. Genetic variants of these genes may alter their systematic regulatory role in biological functions.
Another prominent group of genes comprised "oxidase, dehydrogenase and reductase" enzymes performing functions in oxidative phosphorylation, amino acid (glycine, serine, threonine, valine, isoleucine, arginine and proline) metabolism, steroid degradation and biosynthesis, and biosynthesis of antibiotics. The robustness of a phloem sap sucking pest depends on the amino acid and carbohydrate contents of phloem sap of their host [38] as well as on their processing power of amino acids. For example, a Florida strain of whitefly processes more phloem sap that allows it to have more expanded host range [39] . Phloem sap lacks some essential amino acids and vitamins, so phloem sap sucking pests rely heavily on endosymbionts for some essential amino acids. There are number of genes which are present in more than one pathway for example Bta13274 encodes an oxidase involved in biosynthesis of antibiotics as well as arginine and proline metabolism, indirectly contributes to environmental fitness. A previous study reported that MEAM1 performed better than Asia II 1 on many commonly cultivated crops in China [40] , and in another study MEAM1 showed the ability to adapt to unsuitable hosts [41] . Genetic variants in these genes may provide clues to the differential capacity of Asia II 1 and MEAM1 to adapt to changing environments.
Some recent studies report genes showing differential expression upon treatment of insecticide or virus infection. In our data, we identified high impact variants in 14 genes associated with insecticide resistance, 4 genes involved in TYLCV transmission, and 96 genes involved in ToCV transmission. The cathepsin gene family is involved in both insecticide resistance and ToCV transmission. Our results identified high impact variants in cathepsin B (3 genes), cathepsin F (1 gene) and cathepsin L-like genes (3 genes) that are involved in insecticide resistance and ToCV transmission. Cathepsins are proteases involved in many biological functions such as protein degradation, apoptosis, and signaling, and their activity in lysosomes has been broadly connected to virus transmission. The cathepsin B family is expanded in B. tabaci and also a novel clade of cathepsin L-like genes is identified in comparison to 15 other arthropods [4] which lead to the prediction of a possible contribution of cathepsin in virus acquisition or other responses that are involved in whitefly-virus interactions. Another important family in which genetic variants were found, associated with insecticide resistance is cytochrome P450 [42] . Two high impact variants were identified in two CYP 450 genes (Bta04696 and Bta06044). Chen et al., [4] inferred the involvement of these genes in insecticide resistance in MEAM1 on the basis of their differential expression upon treatment with insecticides.
Another gene that encodes a heat shock protein known to be involved in virus transmission [18] has frame shift variant in Asia II 1. Three genes which have high impact variants and are linked to ToCV transmission are associated with three KEGG pathways: oxidative phosphorylation (Bta05773), T cell receptor signaling pathway (Bta15368), and sucrose and starch metabolism (Bta09856). Bta09856 encodes trehalase a glycosidase which convert trehalose (major sugar reserve in insects play a vital role as an instant source of energy and in dealing with abiotic stresses) into glucose in sucrose and starch metabolism. The inhibition of trehalase causes abnormal growth and unsuccessful stress recovery [43] . Inhibition of trehalase provides promising area towards formulating strategy for insect control. There are also some genes with unknown functions, associated with transmission of ToCV [6] . We reported the genetic variants between Asia II 1 and MEAM1 for these genes, and future annotation of these unknown genes may provide further clues about the mechanism through which whitefly interact with a virus. This comprehensive data set of variations between indigenous and invasive species provide insights into the variations in mechanisms which give different attributes to whitefly species. Based on all these results we conclude that the MEAM1 species is more invasive due to its genetic variations.
Conclusion
In present study, whole genome wide variants between Asia II 1 (indigenous to the Indian sub-continent and south-east Asia) and MEAM1 (originated in the Middle East but has spread worldwide in recent decades) are presented with their detailed annotations and impact. Variants detection in some important genes such as genes associated with virus transmission and insecticide resistance will help in conceiving future research towards targeted management strategies against whitefly. Furthermore, this study provides a genomic resource of Asia II 1 that will contribute to resolving species delimitation of whitefly.
Methods
Colony maintenance and confirmation of cryptic species
The source of whitefly (Asia II-1) population collected from NIBGE, Faisalabad in 2016. An isogenic population was established and maintained in aired glass confinement on cotton (Gossypium hirsutum) plants at 32°C. The universal mtCOI primers C1-J-2195 (5′-TTGATTTTTTGGTCATC-CAGAAGT-3′) and TL2-N-3014 (5′-TCCAATGCAC-TAATCTGCCATATTA-3′ were used to confirm the cryptic species (Asia II 1) [44] . PCR amplifications were performed in 20 μL reactions using DreamTaq Green PCR Master Mix (Thermo Fisher Scientific). The polymerase chain reaction (PCR) cycling parameters were one denaturation cycle of 94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 45°C for 1 min, and 72°C for 1 min, followed by a final extension of 72°C for 7 min. PCR products were visualized on a 1% agarose gel. Sanger sequencing [45] confirmed the Asia II 1 culture.
Genomic DNA extraction and library preparation DNA extraction was done with "ISOLATE II Genomic DNA Kit" (Bioline Cat No. BIO-52066). Eight libraries with 550 bp insert size were prepared by the Illumina NeoPrep automation system with the library kit, Illumina #NP-101-1001, "TruSeq Nano DNA Library Kit for NeoPrep", which includes the adapter set "TruSeq LT" (adapter sequences: adapter read1 AGATCGGAAGAG-CACACGTCTGAACTCCAGTCA, adapter read2 AGAT CGGAAGAGCGTCGTGTAGGGAAAGAGTGT). The target insert size selection was performed by the "Illumina NeoPrep Liberary Prep System". Actual insert size ranges were calculated by CLC Genomics Workbench (v. 8.5.1).
Sequencing and mapping with reference genome
Sequencing was performed on the Illumina MiSeq and HiSeq2500 with Rapid v2 chemistry, 2x100bp, across 2 flow cell lanes. The Illumina bcl2fastq v2.16 software was used to convert raw basecalls (.bcl) to fastq.gz, and demultiplex the sequenced pool of libraries by the TruSeq LT indices in the NeoPrep process. The bcl2fastq script was set to automatically trim the adapters, if present. All duplicated reads, low quality regions (phred score less than threshold value) and reads containing N were trimmed. Cleaned reads were mapped onto the total reference genome of whitefly. Reference genome was accessed through ftp://www.whiteflygenomics.org/pub/MEAM1/MEAM1/ [4] . Mapping was done using BWA V0.7.12 with MEM algorithm using CLC Genomics Workbench 7.5. Raw data was visualized and analyzed to pass through quality control steps. 
Analysis of variants
SnpEff [46] was used to annotate variants and effect prediction, and to classify the effects of variants by 'functional classes' (missense, nonsense and silent), by 'impact' (high, moderate, low and modifier), and by 'type and region' (downstream, exon, intergenic, intron, splice site acceptor, splice site donor, splice site region, transcript, upstream, UTR 3′, and UTR 5′). Then all genes that had "high impact variants" were analyzed with "Blast2GO Pro" (trial version) software [47] for gene ontology and to categorize gene functions into three classes: biological process, cellular components and molecular function. With Blast2GO Pro, KEGG pathways of these genes were also developed to analyze their function. All the mapped reads were evaluated to find structural variants. CNVnator [48] was used in the present study to find structural variants. CNVnator analyzes the "read of depth" from alignment to predict the structural variants. Copy number variations were detected by CNVkit [49] .
SNPs validation
Some SNPs were randomly selected for the validation. Eight primer pairs were designed to amplify the regions (each with 500-600 bp length) which have a total of 96 SNPs. DNA was extracted from single whiteflies by the CTAB method [50] . Each region was amplified using DNA extracted from a single whitefly. PCR were performed in 50 μL reactions using DreamTaq Green PCR Master Mix (Thermo Fisher Scientific). PCR cycling parameters were one denaturation cycle of 94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 54°C for 30s, and 72°C for 40 s, followed by a final extension of 72°C for 7 min. PCR products were visualized on a 1% agarose gel. Amplified products were purified by "AxyPrep PCR Clean-up Kit" and then these were sequenced by the Sanger method [45] . The sequenced reads were aligned with MEAM1 sequences by DNAStar software to validate the predicted SNPs. We also analyzed the previously published transcriptomic data of MEAM1 [4, 6, 34] . They reported some genes that were associated with virus transmission (TYLCV and ToCV) and insecticide resistance. In our data we identified genes which had high impact variants and as well as genes previously reported as differentially expressed under virus or insecticide treatment.
